ABSTRACT Acid-treated Ketjen Black (a-KB) carbon supports were prepared to investigate how oxidation of the carbon surface influences La 0.6 Sr 0.4 MnO 3 (LSM) nanoparticle distribution, and conjugation to the carbon support. 30 wt.% LSMloaded a-KB (LSM/a-KB) materials were prepared as air-electrode catalysts for rechargeable lithium-air batteries (LABs). a-KB exhibited a significant degree of O-containing (C-O, COO) surface functional groups, which resulted in the formation of smaller LSM nanoparticles and enhanced homogeneity over the carbon support when compared with the pristine KB support. Consequently, C-O-Mn bonds were formed, which increased the Mn oxidation state, and concomitantly enhanced conjugation resulting in improved catalytic activity. Additionally, the overpotential was reduced during charging (Li 2 O 2 decomposition). Furthermore, LSM/a-KB enhanced the cyclability of the LAB test cell. Scanning electron microscopy observations revealed that LSM/a-KB efficiently decomposed the Li 2 O 2 deposition layer, even after the 15th charge cycle when compared with LSM/KB. The LSM/a-KB air-electrode exhibited a more homogeneous and smaller-sized (and/or amorphous) Li 2 O 2 deposition after discharging. Therefore, the oxidation of the carbon surface, resulting in enhanced LSM nanoparticle distribution on, and conjugation to, the a-KB surface, influences the homogeneity of the Li 2 O 2 deposition onto the support during the discharge process leading to its facile decomposition during the following charge process.
Introduction
In recent years, rechargeable lithium (Li)-air (O 2 ) batteries (LABs) have received increasing attention as next-generation, largescale energy storage systems because of their higher energy density of over 500 Wh kg
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-exceeding that of Li-ion batteries. [1] [2] [3] [4] However, significant challenges of LAB systems still need to be addressed before practical use, e.g., suppression of Li dendrite growth at the Li metal negative electrode (NE), enhancing electrolyte electrochemical durability, especially against the O 2 ¹ radical generated at the air-electrode (positive electrode, PE), and exploration of highly active air-electrode catalysts for both the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER). 3, 5, 6 Therefore, there has been a wealth of interdependent research focusing on air-electrode catalysts, e.g. noble metal nanoparticles (Pt, Au) [7] [8] [9] [10] [11] [12] [13] and oxides (Co 3 O 4 , RuO 2 , IrO 2 ) [14] [15] [16] [17] [18] [19] [20] loaded on carbon supports (Ketjen Black (KB), carbon nanotubes, graphene, etc.). However, the abundance of catalytic elements required is low resulting in their high costs. More realistic candidates that have been intensively researched and applied as air-electrodes for LABs include perovskite nanoparticle-based [21] [22] [23] [24] and Mn oxide-based [25] [26] [27] [28] [29] catalysts. However, these solid catalysts are covered by a Li 2 O 2 deposition layer during the discharge process and are not sufficiently efficient to decompose this deposition layer during the charge process. [30] [31] [32] [33] [34] Recent studies have focused on investigating mediators to chemically decompose the Li 2 O 2 deposition layer such as LiI, 30, 31 LiBr, 32,33 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO), 34 etc. However, it became apparent that the mediators self-discharged because of the direct reaction with the Li metal NE, i.e., the shuttle effect. 35 Additionally, complications arise with the chemical and electrochemical cycling of the mediators as a result of side reactions. Therefore, continuing investigations into solid catalysts remain important to improve LAB systems. Recently, various solid catalyst morphologies have been proposed to include oxide nanotubes, 36 mesoporous nanowires, 37 and nanosheets, 38 and these composites with nano-carbon materials (carbon nanotubes, graphene, etc.). 39 The rationale is to increase the surface area, and concomitantly the number of catalytic sites to enhance the electron path. Consequently, such catalysts have successfully reduced the overpotential during the charge process and extended the cyclability. However, the influence of increased catalyst surface area and maintaining the electron path during Li 2 O 2 decomposition remains unclear as the solid catalysts are coated by a Li 2 O 2 deposition layer during the discharge process. [30] [31] [32] [33] [34] To elucidate the critical point on how to improve the catalytic activity of solid catalysts, in this study we synthesized two types of La 0.6 Sr 0.4 MnO 3 (LSM)-loaded KB catalysts. Each catalyst differed in their LSM nanoparticle distribution on the carbon support and in the conjugation of the support-LSM nanoparticle interaction. Namely, the aforementioned properties were controlled by surface oxidation of the KB powder, which led to improved affinity of the LSM precursor to the KB nanoparticle surface, enabling smaller LSM nanoparticles on the carbon support and improved conjugation between the LSM and KB nanoparticles by formation of C-O-Mn bonds. The nature of the two catalysts allowed the influence of increased catalyst surface area to be investigated while maintaining the electron path during Li 2 , Sr 2+ and Mn 2+ mixed ions, where the molar ratio was 3:2:5, respectively. 15 mL of ethanol (Wako Pure Chemicals, 99.5%) was added to 2.0 mL of the mixed ion solution before stirring in an ultrasonic bath (frequency: 40 kHz) at 10°C for 1 h. After an additional ultrasonic dispersion for 5 min, the a-KB powder was added at the desired amount to yield a 20 wt.% LSM/a-KB catalyst before further subjecting the system to ultrasonication for 1 h. The LSM precursor-loaded a-KB powder was filtered and washed with copious amounts of deionized H 2 O, and then further dispersed in ethanol by ball-milling for 30 min. Thereafter, the sample was dried at 70°C before calcining under an Ar atmosphere at 600°C for 5 h to obtain the LSM/a-KB catalyst. As a comparison sample, a 20 wt.% LSM/KB catalyst was also synthesized using the pristine KB powder by the same manner.
Characterization
The obtained a-KB sample was characterized by transmission electron microscopy (TEM, JEM-1400, JEOL), Raman spectroscopy (RamanTouch-VIS-NIR, Nanophoton) with laser wavelength of 532 nm and spatial resolution of 350 nm, Brunauer-Emmett-Teller (BET) method (BELLSORP-miniII, Micro-tracBEL) and X-ray photoelectron spectroscopy (XPS, PHI X-tool, ULVAC-PHI, INC.) with X-ray beam of Al-KA and the spot size of 10-300 mm to evaluate the morphology, degree of graphitization, specific surface area (S BET ) and functional groups on the carbon support. The data was compared with those of the pristine KB and discussed effects by the carbon support oxidation. To evaluate the crystal phase and morphology of the obtained LMS/a-KB and LSM/KB samples, powder X-ray diffraction (XRD, SmartLab, Rigaku) with X-ray beam of Cu-KA, scanning electron microscopy (SEM, JSM-7800F, JEOL) and the same TEM for the a-KB were used, respectively. The catalyst composition with respect to LSM and KB was estimated by thermogravimetry-differential thermal analysis (TG-DTA, Thermo plus TG8120, Rigaku) from room temperature to 800°C at a scan rate of 10°C min
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. The chemical and oxidation states of LSM together with the functional groups on the carbon supports for LSM/ KB and LSM/a-KB samples were also analyzed by the same XPS for the a-KB.
LAB cell performance and air-electrode evaluation
First, 100 mg of the obtained 20 wt.% LSM/a-KB catalyst was mixed with 92.5 mg of 12 wt.% polyvinylidene difluoride (PVDF) dissolved in N-methyl-2-pyrrolidone (NMP, Kureha) as a binder to form a slurry, which was thereafter coated on carbon paper (TGP-H-060, Toray) before drying at 110°C under vacuum overnight to prepare the air-electrode. As references, air-electrodes comprising 20 wt.% of the LSM/KB catalyst were also prepared in the same manner. The air-electrodes were cut into circles (T = 16 mm; i.e., PE apparent area was ca. 2 cm 2 ). The Swagelok-type LAB test cell comprised the obtained air-electrode, Li metal foil (thickness: 0.5 mm, Honjo Metal Co., Ltd.) as the NE, a separator (Celgard1 2400), and 0.20 M LiN(SO 2 CF 3 ) 2 /diglyme (LiTFSI/G2) (H 2 O content: <30 ppm) as the electrolyte and was prepared in an argon-filled glove box (Miwa, MDB-1BK-NT1) with a dew point below ¹70°C. 38 The electrolyte was prepared by mixing LiTFSI (Kishida, 99.9%) and G2 (Tokyo Chemical Industry Co., Ltd.). For the discharge/charge cycle test, an applied current of 0.20 mA cm ¹2 and a maximum discharge/charge capacity of 0.50 mAh cm ¹2 were applied to the LAB cell across the cut-off voltage range of 2.0 to 4.5 V. To prevent the G2-based electrolyte solution from drying out, the LAB test cell was operated in a passive mode and supplied with pure O 2 gas. The LAB cell was cycled up to 30 times. To observe the Li 2 O 2 deposition and decomposition behaviors, a maximum discharge/charge capacity of 1.0 mAh cm ¹2 was also applied to the LAB cell with the same applied current and cut-off voltage range. Morphology observations and elemental analysis on the surface of the air-electrode before and after the discharge/charge test were conducted by scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS, JSM-7800F, JEOL). The Li 2 O 2 produced on the air-electrodes was confirmed by XRD (D8 ADVANCE, Bruker). Both the SEM observations and the XRD analysis of the air-electrodes after the LAB cell test were conducted using a transfer vessel to prevent exposure to air. In addition, to determine the maximum capacity of the LAB test cell and the effect of the LSM/a-KB catalyst, no capacity limitation test was also conducted only for the first cycle. All electrochemical measurements were performed at 30°C.
Results and Discussion

LSM/a-KB catalyst and air-electrode characterization
Figures 1(a) and (b) show the TEM micrographs of the KB and a-KB carbon supports, respectively. The a-KB nanoparticles were partly corroded after being subjected to the acid-treatment, which resulted in deformation of the nanoparticles. Raman spectra (Fig. 1(c) ) clearly exhibited a D-band at 1350 cm ¹1 and a G-band at 1590 cm ¹1 , corresponding to defects and increased graphitized sites, respectively. The G/D ratio for a-KB (0.82) increased compared with that of the pristine KB (0.76), indicating that some of the KB defect sites were removed by surface oxidation as a result of the acid-treatment with no loss of integrity of the graphitized sites. Additionally, S BET increased from 1381 m 2 g ¹1 for KB to 1864 m 2 g ¹1 for a-KB. Furthermore, the specific pore volume increased from 1.88 cm 3 g ¹1 for KB to 2.48 cm 3 g ¹1 for a-KB. Figures 1(d) and (e) show the XPS C 1s spectra for the KB and a-KB carbon supports. KB exhibited an intense peak located at 284.3 eV assigned to the C-C bond, and low intensity peaks located at 286.2 and 289.5 eV corresponding to C-O and COO bonds, respectively. 41 The O-containing peaks were enhanced for a-KB and an additional peak appeared at 287.8 eV corresponding to the C=O bond. Therefore, KB acid-treatment, i.e., surface oxidation of KB nanoparticles, was clearly confirmed. Figure 2 (a) presents XRD patterns of the KB, a-KB, LSM/KB and LSM/a-KB samples. For the air-electrode catalysts, the LSM nanoparticles were successfully synthesized within the catalysts and the XRD peaks corresponding to LSM in LSM/a-KB are broader when compared with LSM in the presence of the pristine KB support. The crystallite size estimated from the XRD peak at around 32°by the Scherrer equation is 24 nm, which is smaller than that for LSM in LSM/KB (31 nm). Additionally, from the SEM and TEM micrographs (Figs. 2(b-e) ), the average particle size is observed to be >100 nm for KB and 50-80 nm for a-KB. It is evident that the Electrochemistry, 86(5), 265-271 (2018) LSM distribution on the carbon support in the LSM/a-KB catalyst was more homogeneous and having smaller nanoparticles than in the corresponding LSM/KB catalyst. Namely, surface oxidation of KB effectively improved the affinity of the LSM precursor to the carbon support and promoted to reduce both crystallite and particle sizes of LSM after calcining under an Ar atmosphere. LSM loading Electrochemistry, 86(5), 265-271 (2018) levels were derived from TG-DTA analysis. The LSM content in the LSM/KB and LSM/a-KB product catalysts is 19.2 and 22.7 wt.%, respectively (data not shown), which is close to that of the estimated value from the starting materials (20 wt.%). The slight increase in LSM content in the LSM/a-KB catalyst is considered to be attributed to the O-containing functional groups on the carbon surface, which results in a degree of decomposition of the KB surface when subjecting the LSM nanoparticles to calcination at 600°C for 5 h under an Ar atmosphere. This is supported by the TG-DTA curves (data not shown). Figures 2(f-k) shows the XPS C 1s, Mn 2p and O 1s spectra for the LSM/KB and LSM/a-KB catalysts. After loading the LSM nanoparticles, the C 1s spectra for both carbon supports exhibited C-O and COO bonds at 286.2 and 289.5 eV, respectively. The intensity of both spectra increased to similar levels compared with the corresponding spectra prior to LSM loading. Additionally, a new peak owing to C-O-Mn bonds appeared at 285.2 eV, which was enhanced for the LSM/a-KB catalyst. This was supported by the O 1s spectra for the catalysts, were four peaks were confirmed after deconvoluting at 529.5, 531.1, 532.3 and 533.5 eV, corresponding to LSM lattice O, adsorbed O, C-O-Mn and C-O, respectively. 42 The C-O-Mn peak was clearly enhanced for the LSM/a-KB catalyst together with the LSM nanoparticle lattice O. Therefore, there is enhanced conjugation between the LSM nanoparticles and the carbon support in the presence of O-containing functional groups. As a result, the Mn 2p spectra were shifted from Mn 2p 3/2 : 641.7 eV and Mn 2p 1/2 : 653.3 eV for the LSM/KB catalyst to Mn 2p 3/2 : 642.1 eV and Mn 2p 1/2 : 653.6 eV for the LSM/a-KB catalyst. 43 Hence, the Mn oxidation state increased as a function of C-O-Mn bond formation, meaning that the ratio of Mn 4+ /Mn 3+ increased and influenced ORR and OER catalytic activity. This is in good agreement with the trends observed for the C 1s and O 1s spectra. Therefore, the analysis demonstrates that the surface oxidation of the KB powder successfully enhanced distribution of the nanoparticles and improved conjugation between the LSM nanoparticles and the surface of the carbon support. How the catalysts effect the discharge/charge behavior, i.e., the Li 2 O 2 generation/decomposition reaction, in the LAB test cell is discussed in section 3.2. Figure 3 shows the discharge/charge curves (a-b) and the cyclability (c-d) of the LAB test cells using the LSM/KB and LSM/a-KB catalysts. During the initial discharge, both catalysts exhibited similar average cell voltages of 2.65-2.70 V, which is lower than the LAB theoretical cell voltage (2.96 V). However, the overpotential during the charge process reduced in the presence of the LSM/a-KB catalyst (Fig. 4) . After the second cycle, the overpotential during both the discharge and charge cycling process further reduced for the LSM/a-KB catalyst and maintained stability up to 24th cycle-such observations are in good agreement with the above-mentioned characterization results. Hence, the influence of the a-KB surface in changing the homogeneity of the LSM nanoparticle distribution and the conjugation to the a-KB carbon support was successfully demonstrated. Furthermore, the catalytic activity of LSM for both ORR and OER was improved as a result of the changes to the electronic structure owing to enhanced conjugation to the carbon support. 43 These reduced the local current density at the surface of air-electrode, resulting in the decrease of the overpotential. Fig. 5 . For the LSM/KB catalyst, the green domain, corresponding to Li 2 O 2 deposition, appeared to possess a high degree of roughness after the 10th charge cycle, with the roughness significantly increasing after the 15th charge cycle. Conversely, the amount of remained Li 2 O 2 deposition was relatively few and homogeneously removed for the LSM/a-KB catalyst even after 15th charging. Figure 6 shows the SEM images of the air-electrodes after the first discharge and the following charge. To observe the homogeneity of the Li 2 O 2 deposition more clearly, the limited capacity was doubled (1.0 mAh cm
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) compared with the data from Fig. 5 . SEM observations reveal differences between the morphologies of the Li 2 O 2 deposition on the catalysts. LSM/a-KB exhibits the highest degree of homogeneity in relation to Li 2 O 2 deposition on the airelectrode, and after charging, the air-electrode morphology remains similar. Conversely, the air-electrode of the LSM/KB catalyst exhibited many cracks after charging, which were attributed to the damage caused by the rough and inhomogeneous Li 2 O 2 deposition during the first discharge process. Additionally, the XRD peaks corresponding to Li 2 O 2 broaden for the LSM/a-KB catalyst, indicating a smaller crystallite size (and/or more amorphous) and enhanced distributed over the air-electrode by the catalytic effect. Therefore, decomposition of the Li 2 O 2 deposition layer was easier in the presence of the LSM/a-KB catalyst. As a result, no capacity limitation test exhibited enhanced maximum capacity-up to 6201 mAh g ¹1 (LSM/a-KB) from 5670 mAh g ¹1 (LSM/KB).
Conclusions
The catalytic activity of carbon-supported LSM catalysts was investigated to determine how the KB surface properties influences LSM nanoparticle distribution and conjugation to the carbon support. a-KB resulted in changes to the surface composition with an abundance of O-containing functional groups having excellent affinity to the LSM precursor. After calcination, the LSM nanoparticles reduced in size allowing the formation of C-O-Mn bonds with the carbon support. As a result, the overpotential for the LAB test cell, in the presence of the LSM/a-KB catalyst, was effectively reduced, especially during the charge process. Additionally, the cyclability improved compared with LSM/KB. SEM observations and XRD analysis of the air-electrodes demonstrated the effect of the LSM/a-KB catalysts on the deposition morphology of Li 2 O 2 -enhanced homogeneity and smaller (or amorphous) Li 2 O 2 , suggesting facile decomposition of Li 2 O 2 at the air-electrode during the charge process.
In general, solid catalysts are disadvantaged when applied to LAB cell systems because the catalyst is easily coated by the Li 2 44 The surface oxidation of KB was effective to enhance the LSM nanoparticle distribution and to reduce the nanoparticle size. The key factor to extend the solid catalyst reversibility is the generation of a homogeneous Li 2 O 2 deposition layer. In conclusion, such solid catalysts remain important to achieve improved commercial LAB cell performance, and further exploration of combined solid catalysts and mediators will open up nextgeneration air-electrodes.
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